Abstract. The switching in deformation mode (from distributed to localized) and mechanisms (viscous versus frictional) represent a relevant issue in the frame of crustal deformation, being also connected with the concept of the brittle-"ductile" transition and seismogenesis. In a subduction environment, switching in deformation mode and mechanisms and scale of localization may be inferred along the subduction interface, in a transition zone between the highly coupled (seismogenic zone) and decoupled deeper aseismic domain (stable slip). However, the role of brittle precursors in nucleating crystal-plastic shear zones has received more and more consideration being now recognized as fundamental in some cases for the localization of deformation and shear zone development, thus representing a case in which switching deformation mechanisms and scale and style of localization (deformation mode) interact and relate to each other. This contribution analyses an example of a millimetrescale shear zone localized by brittle precursor formed within a host granitic protomylonite. The studied structures, developed in ambient pressure-temperature (P -T ) conditions of low-grade blueschist facies (temperature T of ca. 300 • C and pressure P ≥ 0.70 GPa) during involvement of Corsican continental crust in the Alpine subduction. We used a multidisciplinary approach by combining detailed microstructural and petrographic analyses, crystallographic preferred orientation by electron backscatter diffraction (EBSD), and palaeopiezometric studies on a selected sample to support an evolutionary model and deformation path for subducted continental crust. We infer that the studied structures, possibly formed by transient instability associated with fluctuations of pore fluid pressure and episodic strain rate variations, may be considered as a small-scale example of fault behaviour associated with a cycle of interseismic creep and coseismic rupture or a new analogue for episodic tremors and slow-slip structures. Our case study represents, therefore, a fossil example of association of fault structures related to stick-slip strain accommodation during subduction of continental crust.
Abstract. The switching in deformation mode (from distributed to localized) and mechanisms (viscous versus frictional) represent a relevant issue in the frame of crustal deformation, being also connected with the concept of the brittle-"ductile" transition and seismogenesis. In a subduction environment, switching in deformation mode and mechanisms and scale of localization may be inferred along the subduction interface, in a transition zone between the highly coupled (seismogenic zone) and decoupled deeper aseismic domain (stable slip). However, the role of brittle precursors in nucleating crystal-plastic shear zones has received more and more consideration being now recognized as fundamental in some cases for the localization of deformation and shear zone development, thus representing a case in which switching deformation mechanisms and scale and style of localization (deformation mode) interact and relate to each other. This contribution analyses an example of a millimetrescale shear zone localized by brittle precursor formed within a host granitic protomylonite. The studied structures, developed in ambient pressure-temperature (P -T ) conditions of low-grade blueschist facies (temperature T of ca. 300 • C and pressure P ≥ 0.70 GPa) during involvement of Corsican continental crust in the Alpine subduction. We used a multidisciplinary approach by combining detailed microstructural and petrographic analyses, crystallographic preferred orientation by electron backscatter diffraction (EBSD), and palaeopiezometric studies on a selected sample to support an evolutionary model and deformation path for subducted continental crust. We infer that the studied structures, possibly formed by transient instability associated with fluctuations of pore fluid pressure and episodic strain rate variations, may be considered as a small-scale example of fault behaviour associated with a cycle of interseismic creep and coseismic rupture or a new analogue for episodic tremors and slow-slip structures. Our case study represents, therefore, a fossil example of association of fault structures related to stick-slip strain accommodation during subduction of continental crust.
Introduction
The study of deformation fabric of fault rocks has been crucial for the development of a general conceptual model for crustal-scale fault zones (Sibson, 1977 (Sibson, , 1983 Scholz, 1988 Scholz, , 2002 Handy et al., 2007; Cooper et al. 2010; Platt and Behr, 2011) . In this model, the increasing PT conditions determine the transition from a seismogenic frictional regime, dominated by pressure-sensitive deformation and involving cataclasis and frictional sliding, to a viscous regime (Rutter, 1986; Schmid and Handy, 1991; Montési and Hirth, 2003; Handy and Brun, 2004) , where dominantly aseismic, mainly crystal-plastic and continuous shearing is localized within mylonitic shear zones. In quartz-feldspathic rocks, this transition is primarily determined by the temperature-related quartz response to change of deviatoric stress, with dislocation creep becoming the principal deformation mechanism at T >270 • C (e.g. White, 1971 White, , 1973 Stipp et al., 2002 , and references therein).
Rock deformation experiments (Rutter, 1986; Shimamoto and Logan, 1986; Bos and Spiers 2002; Scholz, 2002) have shown that the shear strength of simulated faults at the brittle-viscous transition may depend on normal stress (as with faulting dominated by cataclastic mechanisms) although strain is achieved through crystal plasticity and/or solution transfer. These results support the observations that some mylonitic shear zones are produced by coupled frictional and viscous mechanisms under semi-brittle conditions (Shimamoto and Logan, 1986; Shimamoto, 1989; Chester, 1989; Scholz, 2002; Pec et al., 2012 , and references therein). The experimental approach on semi-brittle behaviour, however, still leaves several questions open for natural fault zones, such as the mechanisms controlling bulk-rock deformation at microscopic scale, the degree of interdependence of active deformation mechanisms, their cyclicity, and the associated bulk rock style of deformation (Sibson, 1980; White and White, 1983; Viola et al., 2006; Takagi et al., 2000; Handy and Brun, 2004; Pec et al., 2012) . A complex transitional behaviour involving mixed continuous and discontinuous, distributed vs. localized, and cyclic switching in deformation mechanisms over large variations in strain rates is inferred at the transition between frictional and viscous domains, a depth interval in the crust which contains the typical hypocentres and rupture depths of large earthquakes in continental crust (Sibson, 1983; Kohlstedt et al., 1995; Scholz, 2002; Handy and Brun, 2004; Pennacchioni et al., 2006) .
In subduction settings, this transition zone is located between 10 and 35 km depth depending on slab dip and thermal structure (i.e. between temperatures of 150 and 350-450 • C) and along the subduction interface is recognized as the site of megathrust earthquake nucleation and concentrated postseismic afterslip, as well as the focus site of episodic tremors and slow-slip events (Rogers and Dragert, 2003; Liu and Rice, 2007; Hacker et al., 2003; Vannucchi et al., 2008; Meneghini et al., 2010; Angiboust et al., 2014 Angiboust et al., , 2015 Andersen et al., 2014; Hayman and Lavier, 2014; Fagereng et al., 2014) .
The feedback between brittle and viscous deformation mechanisms is also relevant for the mode of shear zone nucleation, and fracturing has been proposed to be a prerequisite for the initiation of ductile shear zones in the lithosphere (e.g. Handy and Stünitz, 2002; Pennacchioni and Mancktelow, 2007; Fusseis and Handy, 2008) . Shear zones and style of strain accommodation and localization processes in granitoids have been described by different authors (Ramsay and Graham, 1970; Burg and Laurent, 1985, 1986; Gapais et al., 1987; Goncalves et al., 2016, and references therein) . In this context, the role of brittle precursors in nucleating shear zones has received increasing consideration as having in some cases a fundamental role in the localization process (e.g. Segall and Simpson, 1986; Mancktelow and Pennacchioni, 2005; Pennacchioni and Mancktelow, 2007; Menegon and Pennacchioni, 2010; Pennacchioni and Zucchi, 2013) .
These studies, however, mostly deal with brittle precursors consisting of inherited structures, such as discontinuities already existing at the beginning of the viscous deformation history, as in the case of cooling joints, cataclasites, and veins (e.g. Guermani and Pennacchioni, 1998; Pennacchioni and Mancktelow 2007) ; most of these studies consider deformation at shallow to intermediate crustal depths (Fusseis and Handy, 2008; Mazzoli et al., 2009; , although case studies under conditions of upper amphibolite to granulite (White, 1996; Pennacchioni and Cesare, 1997; Pittarello et al., 2013; Altenberger et al., 2013) and eclogite facies (Austrheim and Boundy, 1994; Austrheim, 2013 , and references therein) were also investigated.
The deformation of crustal units and granitoids during subduction has only recently been analysed in terms of preserved rock records of the palaeo-seismic cycle and/or slow-slip phenomena (Angiboust et al., 2015; Goncalves et al., 2016) . A well-documented study from the Dent Blanche Thrust in the western Alps, for example, is framed in the hanging wall of an ancient subduction interface zone (Angiboust et al., 2014 (Angiboust et al., , 2015 . Our contribution integrates the existing literature by analysing a meso-to microscale example of a brittle precursor to a shear zone derived from the footwall of a subduction interface in blueschist-facies conditions thus representing a hitherto undocumented or less thoroughly studied case (Molli et al., 2005; Molli, 2007) .
We used a multidisciplinary approach that combined detailed microstructural, petrographic, and electron backscatter diffraction (EBSD) analysis in order to derive a model of the deformation sequence experienced by our sample during subduction of the continental crust in Corsica. EBSD data have been used to identify the dominant deformation and recrystallization mechanisms in quartz, and to derive quantitative grain size data that were used to evaluate the differential stresses experienced by the rock during dislocation creep deformation by means of the recrystallized grain size piezometry.
By virtue of their deep origin, the analysed structures are ideal to contribute to the ongoing discussion on the deformation style and mechanisms associated with the broad spectrum of fault-slip behaviour (from seismic slip to stable aseismic creep to episodic slow-slip events and nonvolcanic tremors) recorded by seismic and geodetic observations at active plate boundaries (e.g. Peng and Gomberg, 2010; Beroza and Ide, 2011 , and references therein). Slowslip events (i.e. fault slip events with slip rates in between coseismic rate and aseismic creep, and generating equivalent seismic moments similar to large earthquakes) in subduction zones have been recorded in a depth interval that experiences temperatures between 250 and 650 • C and pressures between 0.6 and 1.2 GPa (Beroza and Ide, 2011) , typically in areas of high V p /V s ratios suggestive of local high fluid pressures. This places slow-slip events at the lower end of the seismogenic zone, under metamorphic conditions where the rheology is expected to be viscous or at the frictionalviscous transition. Accordingly, recent studies of shear zones exhumed from similar conditions along the subduction interface have suggested that coupled fracture and viscous flow, possibly associated with fluctuations in fluid pressure, can originate tremors and slow slips (e.g. Peng and Gomberg, 2010; Beroza and Ide, 2011; White, 2012; Fagereng et al., 2014; Hayman and Lavier, 2014; Angiboust et al., 2015; Malatesta et al., 2017) . Here we show that the brittle-viscous transition preserved in the Popolasca granitoids of northern Corsica can also be explained by transient high fluid pressures triggering brittle deformation in an otherwise viscous regime, and discuss the related implications for fault-slip behaviours in subduction zones.
2 Regional background and geological setting of studied sample
In Alpine-type orogens the study of meso-and microstructural record of exhumed subduction-related thrust zones and its interpretation in terms of subduction zone rheology and seismicity have received increasing attention since the end of the 1990s (Stöckhert et al.,1999; Küster and Stöck-hert, 1999) . This subject has been well developed and explored (Austrheim and Andersen, 2004; Andersen and Austrheim, 2006; Healy et al., 2009; Andersen et al., 2014; Deseta et al., 2014a, b; Magott et al., 2016a, b) in northeast Corsica (so-called "Alpine Corsica"), which is formed by relicts of subduction orogen related to the CretaceousMiddle Tertiary Europe-Adria convergence history (Lahondère, 1988; Fournier et al., 1991; Handy et al., 2010; Molli and Malavieille, 2011) . These studies focused on oceanic units made up of peridotite, serpentinite, gabbro, basalt, calcareous and siliceous schist, and marble exposed as remnants of the lithosphere of the Jurassic Piemonte-Liguria oceanic basin and its pelagic sedimentary cover (Mattauer et al., 1981; Bezert and Caby, 1988; Jolivet et al., 1990; Molli, 2008; Vitale Brovarone et al., 2013, and references therein) .
The widespread occurrence and preservation of relicts of exhumed seismogenic structures are mainly due to the peculiar geologic history of Alpine Corsica, which is connected with the development of the Alps-Apennine orogenic system (Molli and Malavieille, 2011; Guyedan et al., 2017; Beaudoin et al., 2017) . The latter did not develop continentcontinent "hard collision"-related structures and lacks the thermal reworking observable instead in the Alps (e.g. Polino et al., 1995; Schmid et al., 1996; Berger and Busquet, 2008; Butler, 2013; Rosenberg and Kissling, 2013; Carminati and Doglioni, 2014) , thus resulting in the better preservation of the early stages of subduction-related structures and fabrics.
Corsica, therefore, represents an exceptional natural laboratory for the investigation of subduction-related processes in oceanic and continental crust, as firstly suggested by Mattauer et al. (1981) and Gibson and Horak (1984) .
Continental-derived units in Corsica sourced from the footwall of an ancient subduction interface zone can be observed in three different structural positions (Fig. 1) , each of them corresponding to different peak metamorphic con- These occurrences document the progressive underthrusting of these units down to different depths and their insequence contractional exhumation within an Alpine-age, east-dipping subduction system (Mattauer et al., 1981; Bezert and Caby, 1988; Jolivet et al., 1990; Garfagnoli et al., 2009; Molli and Malavieille, 2011; Maggi et al., 2012; Di Rosa et al., 2016; Guyedan et al., 2017; Beaudoin et al., 2017) .
The studied samples come from the external continental units (Molli, 2008; Molli and Malavieille, 2011; Vitale Brovarone et al., 2013) of Alpine Corsica, more specifically from the Popolasca unit (Bezert and Caby, 1988; Malasoma et al., 2006; Di Rosa et al., 2016) . This unit is characterized by a pre-Mesozoic basement mainly formed by granitoids, a Permo-Mesozoic metasedimentary sequence and an early Eocene flysch (Fig. 1) .
Blueschist assemblages in the unit have been described by regional studies (Bezert and Caby, 1988; Malasoma et al., 2006; Molli, 2008; Di Rosa et al., 2016) and are observed in all suitable rock types, such as in metapelites from cover rocks, metabasic dykes, and in some of the granitoid suites from the basement. Peak metamorphism has been initially constrained to 250-350 • C and 0.4-0.55 GPa (Bezert and Caby, 1988) or more recently more closely bracketed at 325-370 • C and 0.75-0.85 GPa (Malasoma et al., 2006; Di Rosa et al., 2016) . The prograde to peak pressure assemblage has been recently dated with 40 Ar / 39 Ar at 45-36 Ma by Di Vincenzo et al. (2016) .
The contributions of Malasoma et al. (2006) and Di Rosa et al. (2016) analysed the cartographic to mesoscopic-scale structural geometries of deformation in the area of the studied sample. Superimposed foliations and fold structures are typical of the metasedimentary cover, with blueschist assemblages as relict fabrics. In contrast, in basement rocks a main continuous foliation can be observed wrapping around undeformed granitoids. The main foliation is associated with blueschist or greenschist facies assemblages (Malasoma et al., 2005; Di Rosa et al., 2016; Di Vincenzo et al., 2016) . Anastomosing networks of fault zones associated with sub-greenschist facies assemblages overprints all previous structures and may be related to the activity of a major N-S-trending transcurrent fault zone (Central Corsica Fault Zone) reworked by normal kinematics active during Oligocene-Miocene in the frame of rototranslation of Corsica-Sardinia microblock and upper-plate extension associated with Apenninic subduction (Faccenna et al., 2004; Molli, 2008; Molli and Malavieille, 2011; Carminati and Doglioni, 2014; Guyedan et al., 2017; Beaudoin et al., 2017) .
Geometry of deformation and microstructures
The analysed sample (Fig. 2) is a deformed granitoid of calc-alkaline affinity (K-feldspar, plagioclase, quartz, biotite) common to Hercynian Corsica (Rossi et al., 2001 ). It con- Shape anisotropy of quartz in the host protomylonite shows an aspect ratio around 0.37 (mean X/Z of 2.7), which indicates a shear strain γ of ca. 1 assuming homogeneous simple shear deformation.
Quartz displays features of typical low-temperature plasticity (Hirth and Tullis, 1992; Stipp et al., 2002; Vernooij et al., 2006; Trepmann et al., 2007; Derez et al., 2015; Kjøll et al., 2015) (Fig. 3) , such as undulatory extinction, localized extinction bands (LEBs, following the terminology of Derez et al., 2015) , typically forming conjugate sets, and up to 100 µm thick intracrystalline bands of recrystallized grains (5-10 µm in size). Bands of recrystallized grains occur parallel to the main foliation as well as in conjugate sets intersecting at ca. 90 • (see below) and parallel to the conjugate sets of LEBs.
Feldspars show local evidence of bulging recrystallization and of grain size reduction by microcracking and microfaulting ( albite, stilpnomelane, and phengite ( Fig. 3 ). Thin needles of Na amphibole (Fig. 4 ) attest the development of this fabric in high-pressure, low-temperature (HP/LT) conditions as described below. The main foliation is cross-cut at a high angle by a millimetre-thick localized zone of deformation (Figs. 2, 5a ). This shows a sharp boundary, truncating flattened quartz and feldspar grains (Figs. 6, 7) -a feature suggesting its development as an unstable fracture (Schmid and Handy, 1991; Passchier and Trouw, 2011) .
Three compositionally controlled domains can be recognized within the thin localized shear zone (Figs. 2, 5): Domain 1 is feldspar-and quartz-dominated and shows microstructural features typical of a cataclastic rock (Fig. 5a , c). Clasts are embedded in a fine-grained matrix (< 10-20 µm in size) present in a patchy variable amounts in different portions of the cataclasite (from less than 10 % to more than 50 %, Fig. 5b , c, f). The clasts show angular shapes and a polymodal grain size distribution ( Fig. 5d-g ).
Feldspar clasts and quartz grains reveal both displacive intragranular fractures and intergranular "stable" cracks (Atkinson, 1982; Schmid and Handy, 1991) . The clasts show relict microstructural features similar to those found in the host protomylonite, such as intracrystalline recrystallized shear bands, which in some cases (where the clasts were not substantially rotated, Fig. 5c -f) have the same geometry and orientation as those observed in the host protomylonite ( Fig. 5d-g ). Domain 2 is "phyllosilicate"-dominated (stilpnomelane and phengite) and shows microstructural features of a foliated-cataclasite/phyllonite (Figs. 5a, 6). Asymmetric porphyroclasts and shear band systems characterize the phyllosilicate-rich parts of the shear zone ( Fig. 6a-d) .
Domain 3 is a quartz-albite-rich domain showing microstructural features typical of an ultramylonite (Figs. 5a,  7 ). This is characterized by very fine recrystallized albite and quartz grains (5-10 µm in size) ( Fig. 7) with strong crystallographic preferred orientation (see below). Quartz porphyroclasts show a mean aspect ratio around 0.09 (mean X/Z of 11), which corresponds to a calculated shear strain γ of ca. 3. At this shear strain the corresponding angle between the foliation and the shear zone boundary in simple shear is around 15 • , which agrees with the mean orientation of the quartz porphyroclasts shape preferred orientation (SPO) defining the ultramylonitic foliation (Fig. 7a-c) . Syn-to post- kinematic Na amphibole (Fig. 7c, d ) documents shearing in HP/LT metamorphic conditions, as illustrated below. It is worth noting that no fractures or cataclastic fabrics overprint the ultramylonite. This demonstrates that the ultramylonites postdate and rework a former cataclastic band (and exploits it as a nucleation site), which in turn developed after the protomylonitic fabric in the host rock.
Mineral chemistry and estimate of metamorphic pressure-temperature (P -T ) conditions
Chemical analyses of coexisting minerals within the metamorphic assemblage (Tables 1, 2, 3) were obtained using a JEOL JXA-8600 electron microprobe, equipped with four wavelength-dispersive spectrometers, at the CNR -Istituto di Geoscienze e Georisorse, Firenze, Italy. Running conditions were 15 kV accelerating voltage and 10 nA beam current on a Faraday cage. Counting time for the determined elements ranged from 10 to 60 s at both peak and background. The Bence and Albee (1968) method was employed for the correction of all data. A number of synthetic and mineral standards were used for instrumental calibration. Structural formulae of amphiboles were calculated assuming 23 oxygens, and the classification of Leake et al. (1997) was adopted. Site assignment and ferric iron contents were calculated using the scheme proposed by Schumacher in Leake et al. (1997) . Because of the small sizes of the crystals (widths ca. 10 µm), it was not possible to make com- Table 1 is from a different crystal. In the studied sample the Na amphiboles are mostly riebeckite (Table 1 and Fig. 4b ) with low Mg / (Mg + Fe 2+ ) ratio (0.13-0.21) and are characterized by Si contents close to the maximum of 8.0 apfu. Albites were calculated assuming 8 oxygens and all have composition close to the pure sodic end-member. Stilpnomelane structural formulae were calculated assuming 24 oxygens and all Fe as divalent (Fe 2+ ). Stilpnomelanes have Fe amounts ranging from 1.86 to 2.91 apfu and Mg amounts ranging from 0.24 to 0.58 apfu (Table 2 ). For K-feldspar and biotite porphyroclasts, structural formulae were calculated assuming 8 and 22 oxygens respectively. The analysed Kfeldspars have composition close to the orthoclase pure endmember, with minor amounts of Na (Table 3) . The peak metamorphic mineral assemblage is defined by Na amphibole + phengite + quartz + albite + stilpnomelane. Na amphibole is a typical mineral of the blueschist facies and is indicative of HP/LT gradient metamorphism (e.g. Evans, 1990; Schiffman and Day, 1999 , and references therein). The minimum temperature (T ) and pressure (P ) conditions of this mineral assemblage can be estimated using the reaction curves proposed by Schiffman and Day (1999) for the appearance of Na amphibole (stability field of the blueschist facies); the maximum temperature (T ) conditions were instead constrained by the presence of stilpnomelane, as shown by the following equilibrium: Stp + Phe = Bt + Chl + Qtz + W (Massonne and Szpurka, 1997) . Summing up all the available thermobarometric information, the metamorphic conditions can be estimated as temperature (T ) around 320 ± 50 • C and pressure (P ) greater than 0.70 GPa (Fig. 4c) , consistent with those reported by Malasoma et al. (2006) in metagranitic rocks from the area of our studied sample.
EBSD data
EBSD analysis of quartz was conducted with a Jeol 7001 FEG-SEM equipped with a NordlysMax EBSD detector (Oxford Instruments) at the Plymouth University Electron Microscopy Centre. Working conditions during acquisition of the EBSD patterns were 20 kV, 70 • sample tilt, and high vacuum. Thin sections were chemically polished with colloidal silica and carbon-coated before the analysis. EBSD patterns were acquired on rectangular grids with step size of 1 and 2 µm. EBSD patterns were acquired and indexed with the AZtec software and processed with Channel 5 software (Oxford Instruments). Raw EBSD data were processed to reduce data noise following the procedure tested by Prior et al. (2002) 
Quartz in the host rock
We analysed a monocrystalline quartz ribbon elongated parallel to the host-rock foliation and sharply cut by the thin localized shear zone. The quartz ribbon contains two nearly orthogonal sets of intracrystalline shear bands of recrystallized grains (Fig. 8a ). These are defined by the presence of a SPO oblique to the shear bands boundaries and by the caxis orientation of the grains within the shear bands. SPO and crystallographic preferred orientation (CPO) in the bands are consistent with the kinematic framework of the protomylonitic host rock (see below). One set of shear band is oriented at a high angle (90 • ± 20, set 1) and one at a low angle (≤ 20 • , set 2) to the host rock foliation (vertical in Fig. 8a ). The average grain size of the recrystallized grains is 5 ± 2 µm. The host grain also contains fine localized extinction bands (up to 20 µm thick) (LEBs: Derez et al., 2015) subparallel to the bands of recrystallized grains. Low-angle boundaries are ubiquitous in the ribbon; on EBSD maps they are typically straight, poorly connected, and subparallel to the bands of recrystallized grains (Fig. 8b) . Some low-angle boundaries are connected to form subgrains of approximately the same size of the recrystallized grains. Subgrains occur with a higher frequency at the intersection between two sets of recrystallized bands, and in regions sandwiched between closely spaced (≤ 100 µm) subparallel bands of recrystallized grains (Fig. 8b) .
The c axis of the host ribbon grain is oriented near the pole to the host-rock foliation, i.e. in a position suitably oriented for the activation of the basal a slip system of quartz (Fig. 9a) . The c-axis orientation of the recrystallized grains in the intracrystalline bands is mostly spread out along the periphery of the pole figure, although some scattered grains have their c axis in intermediate positions between the X and Y directions of the pole figures (Fig. 9b) . Such an orientation suggests that the recrystallized grains have experienced a rotation around the Y direction of finite strain (i.e. centre of the pole figure) from the host-grain orientation (e.g. Van Daalen et al., 1999; Menegon et al., 2011) . This is confirmed by the boundary trace analysis (Prior et al., 2002; Menegon et al., 2010) of the two main sets of straight low-angle boundaries defining localized extinction bands (parallel to bands of recrystallized grains), one running ENE-WSW (subset 1) and one running ca. N-S (subset 2) in Fig. 8b . The dispersion paths of crystallographic directions in the pole figures of subset 1 (Fig. 9c) identifies {m} as the rotation axis, which lies very close to the centre of the pole figure. The pole to the prismatic plane {m} is the rotation axis associated with the basal {a} and with the {a} c slip system in quartz (e.g. Neumann, 2000) , and, accordingly, subset 1 can be interpreted as a tilt boundary plane produced by the activity of the slip system basal a (Fig. 9c) and containing the boundary trace of subset 1 and the rotation axis.
Subset 2 has a similar dispersion path as subset 1, with {m} as the identified rotation axis. However, in this case the boundary trace analysis is not consistent with a tilt boundary produced by the activity of the slip system basal {a}, but could indicate the activity of the {a} c slip system (Fig. 9d) . However, activity of c slip in quartz typically requires temperature in excess of 600 • C (Kruhl, 1996; Zibra et al., 2010) and, therefore, appears unlikely in our samples. Moreover, misorientation profiles across low-angle boundaries with a subset 2 orientation show abrupt misorientation jumps of up to 6 • (profiles c-d in Figs. 8b and 9e) , as opposed to a gradual accumulation of misorientation towards low-angle boundaries with a subset 1 orientation (profile a-b in Figs. 8b and 9c) . Thus, the low-angle boundaries with a subset 2 orientation could represent microcracks subparallel to the basal planes (e.g. Kjøll et al., 2015) that localized rigid body rotation of fragments around the Y direction (e.g. Trepmann et al., 2007; Menegon et al., 2013) . The rotation around Y of (1) the crystallographic directions of the host grain and (2) the recrystallized grains (in this case for large misorientation > 10 • ) is confirmed by the plots of the misorientation axis in sample coordinates (Fig. 9f) .
Quartz in the ultramylonite
We analysed polycrystalline ribbons of recrystallized grains from domain 3 of the localized shear zone (Fig. 10a) . The c-axis orientation of the recrystallized grains defines an inclined type I crossed girdle synthetically oriented with respect to the bulk shear sense of the shear zone (Fig. 10b) . The c-axes are preferentially clustered near the pole to the shear zone boundary, i.e. in an orientation suitably oriented for the activity of the basal a slip system. The average grain size of the recrystallized grains in domain 3 is 6 ± 2 µm.
6 Ultramylonite: palaeopiezometry, flow stress, and strain rate
The microstructure and the crystallographic preferred orientation of quartz in the ultramylonite indicate that quartz deformed by dislocation creep and recrystallized to a finegrained aggregate. Thus, the rheology and the flow stress in the ultramylonite can be evaluated extrapolating experimentally calibrated flow laws of quartz to the deformation conditions. The rheology of quartz deforming by dislocation creep is generally described in terms of a power-law equation:
whereε is the strain rate, f H 2 O is the water fugacity (raised to the power of m), Q is the activation energy, R is the universal gas constant, T is the temperature, σ is the differential stress, and n is the stress exponent. We used the theoretical dislocation creep flow law of Hirth et al. (2001) , which has derived a linear dependence of strain rate on the water fu- gacity (m = 1) and a stress exponent of 4. A water fugacity of 172 MPa is calculated from the water fugacity coefficient reported in Tödheide (1972) at T = 350 • C, P = 0.8 GPa.
The palaeostress (assuming steady-state flow at the time of viscous deformation) can be determined by means of a recrystallized quartz grain size palaeopiezometer (e.g. Stipp and Tullis, 2003) , which has been calibrated in the form σ = BD −x , where σ is the steady-state differential stress 7 Discussion and conclusion 7.1 Kinematic framework and deformation mechanisms of the host-protomylonite
On the basis of overprinting relationships we may infer that the oldest deformation fabric of our analysed sample is represented by the subvertical protomylonite foliation (Fig. 2) , which shows microstructural features described in the text. This fabric type and the associated deformation microstructures represent a ubiquitous regional feature in the Popolasca granitoids and is not restricted to our studied sample only. The c-axis maximum of the quartz ribbon in the host protomylonite is oriented near the pole of the protomylonite foliation and rotated clockwise to indicate a dextral sense of shear in the protomylonite (Fig. 9a) . The dextral sense of shear corresponds to the regional top-to-the-west sense of shear observed in the field. The c-axis orientations of grains in the bands differ from the orientations of the host grains, as shown by our EBSD analysis (Fig. 9a, b) . This difference is consistent with the relative rotation of the c axes of grains in the conjugate bands, reflecting their respective sense of shear assuming a shortening direction oriented approximately NE-SW in Fig. 8a , and consistent with the bulk dextral sense of shear of the protomylonite. In this kinematic framework, the respective sense of shear is dextral in bands with a subset 2 orientation and sinistral in bands with a subset 1 orientation (Fig. 8a) . The SPO in the bands is also consistent with their respective sense of shear. Thus, we conclude that (1) the intracrystalline bands of recrystallized grains are conjugate shear bands; (2) they formed during the development of the regional proto-mylonitic foliation of the unit, and not in response to the localized brittle event investigated in the present study, and can therefore be used to evaluate the stress conditions in the protomylonite prior to the brittle event; and (3) they were overprinted by the cataclastic event forming the brittle precursor of the ultramylonite in our sample (Fig. 5f,  g ).
The microstructure and the trace analysis of low-angle boundaries indicates that deformation mechanisms in quartz in the host-protomylonite result from a combination of microfracturing and low-temperature dislocation activity (Fig. 9c, d ). Although factors like the initial aperture of the (micro)cracks and the starting grain size of potential micro-gauge fragments can control the initial grain size in the quartz bands, the final microstructure of quartz in the bands is not cataclastic, but typical of a dynamic recrystallization aggregate with a clear SPO and CPO. Accordingly, our EBSD analysis suggests that the quartz grains in the intracrystalline bands deformed by dislocation creep on the basal a slip system. This is consistent with a microstructural evolution where dislocation creep overprinted fracturing and neocrystallization along cracks (e.g. Trepmann et al., 2007 Trepmann et al., , 2017 . Along cracks, new grains grew by straininduced grain boundary migration from fractured fragments with a low dislocation density (e.g. Trepmann et al., 2007) and deformed by dislocation creep on the dominant basal a slip system, as shown by their CPO and SPO.
In conclusion, our observations suggest that the final grain size in the intracrystalline bands represents an equilibrium grain size with the flow stress during crystal-plastic flow of quartz in the bands. Thus, they can be used to evaluate the differential stress during dislocation creep deformation in the protomylonite before the development of the brittle precursor as developed furthermore below.
Viscous-brittle-viscous deformation under HP/LT conditions
The analysed example documents a switch in deformation mode and mechanisms within an HP/LT fault zone. Overprinting relationships and microstructural features suggest the following deformation sequence: stage (1) consists of distributed deformation (at a regional to sample scale) and development of a protomylonitic foliation in the granitoid by quartz low-temperature plasticity, microfracturing, and albite neo-crystallization from K-feldspar porphyroclasts (Fitzger-ald and Stünitz, 1993) ; this was followed by stage (2), in which localized deformation by brittle fracturing formed a millimetre-thick cataclasite, which acted as a precursor for stage (3) localization of viscous deformation and ultramylonite development. The synkinematic and post-kinematic growth of Na amphibole in the host rock foliation and in localized ultramylonite indicates that the entire deformation sequence occurred under HP/LT conditions (ca. 300 • C at ≥ 0.7 GPa), corresponding to a depth of 23-30 km in the subduction channel.
The estimated P -T conditions are consistent with a low-T plasticity regime in quartz (Stipp et al., 2002; Derez et al., 2015, and references therein) . Accordingly, the deformation microstructures of quartz produced during stage (1) in the host rock appear to be the product of the competition between dislocation activity and fracturing. Localized extinction bands at a high angle to the host rock foliation (subset 1 in Fig. 8b ) are consistent with the activity of the basal a slip system, whereas localized extinction bands subparallel to the host-rock foliation (subset 2 in Fig. 8b ) are interpreted as fractures subparallel to the basal plane, as previously observed by Kjøll et al. (2015) . Some localized extinction bands (especially those with a subset 2 orientation; see Fig. 8b ) contain isolated small new grains that are considerably smaller than the average grain size in the recrystallized bands, and that are only slightly misoriented with respect to the host grain. Moreover, the high-angle boundaries in such localized extinction bands are not always fully connected to define entire new grains. Together with the abrupt misorientation jumps (Fig. 9e) , these observations further suggest that localized extinction bands with a subset 2 orientation represent fractured domains in which the fragments have rotated passively and sealed together, as proposed by, for example, Derez et al. (2015) .
In conjunction with the local fracturing of the host grain, deformation of the recrystallized grains in the conjugate intracrystalline bands involved dislocation activity, as indicated by the cluster of misorientation axis around the prism {m} for low misorientations (compare Fig. 9f with 9a) . This is consistent with the local activity of the basal {a} slip system in the recrystallized bands, as also indicated by the CPO of the recrystallized grains in the shear bands (Fig. 9b) .
The type-I crossed girdle c-axis CPO of quartz in the ultramylonite suggests the concomitant activity of basal a , rhomb a and prims a slip systems in the recrystallized grains (Fig. 10) . The grain size of recrystallized quartz in the ultramylonites is in the same range (5-10 µm) as in the intracrystalline bands in the host rock. This suggests that 5-10 µm represents the equilibrium grain size for the flow stress (estimated in the range of 110-190 MPa with recrystallized grain size piezometry) during viscous deformation before and after the transient brittle event of stage (2).
During stage (2) the development of cataclasite and related dilatancy resulted in an increase in permeability and thus facilitated fluid access and fluid mobility in the shear zone. This enhanced mineral reactions as testified by modal enrichment of stilpnomelane (by biotite breakdown) and Na amphibole in the ultramylonite.
Therefore, the observed structures witness a change in deformation style (from sample-scale distributed to samplescale localized strain in brittle precursor), and a switch in the dominant deformation mechanism (from low T plasticity in the host rock to cataclasis and back to crystal plasticity in the ultramylonite), which occurred at the footwall of the subduction interface under temperature conditions (ca. 300 • C) typical of the brittle-viscous transition in quartz-feldspathic rocks.
Finally, the transition from stage (2) and stage (3) is consistent with the general observation that nucleation of localized ductile shear zones requires, in some cases, the presence of a planar compositional or structural precursor (e.g. Pennacchioni and Zucchi, 2012 , and references therein). The example from the Popolasca granite demonstrates that (i) nucleation on brittle precursors also occurs under HP/LT conditions in the subduction channel, and (ii) the brittle precursors are not necessarily inherited from an earlier deformation event, but can be the manifestation of switches in deformation mode in the footwall of the subduction interface.
Significance of the switch in deformation mode and implications for fault-slip behaviours in subduction zones
We interpreted the inferred deformation sequence and structures as the result of transient instabilities (Sibson, 1980; White, 1996; Handy and Brun, 2004) , possibly representative of mixed fault-slip behaviours at seismogenic depth in the subduction channel. We have estimated the conditions resulting in the transient brittle event during stage (2) under the following assumptions and approximations:
1. The coefficient of internal friction, µ i , is generally between 0.5 and 1.0 in intact rocks (Sibson, 1985) . We considered µ i = 0.6 in the failure envelope for the intact Popolasca granitoid.
2. We used a cohesive strength of 35 MPa as representative of granitoids (Amitrano and Schmittbuhl, 2002) , with a resulting tensile strength of 17.5 MPa.
3. We assumed an Andersonian stress field and a thrusting regime. The effective vertical stress σ v corresponds to the effective minimum principal stress σ 3 = σ 3 -P f , where P f is the pore fluid pressure. We considered a hydrostatic pore pressure (λ = 0.4, P f = 320 MPa for σ 3 = 800 MPa) during the formation of the protomylonite foliation in the host rock.
4. We assumed a differential stress of 110-190 MPa during viscous flow of the granitoid prior to brittle failure at σ v = 480 MPa, as derived from the recrystallized grain size piezometry in the protomylonite. Rheological profile calculated for a fixed strain rate of 10 −12 s −1 (see text for calculation details) using the quartz flow law of Hirth et al. (2001) . A cycle of switching in deformation style and mechanisms is suggested for the analysed sample in its ambient depth range. The frictional Byerlee envelope is calculated using an average friction coefficient of 0.7 for various pore fluid pressure ratio values ( Fig. 11a and text) . Stress estimates based on recrystallized quartz piezometry (grey shaded area) were calculated following Stipp and Tullis (2003) . The results of our analysis are shown in Fig. 11a . For brittle failure, it is necessary to invoke high differential stresses (of the order of 1.1 GPa assuming a hydrostatic pore fluid pressure), or higher fluid pressure (Fig. 11a) . Differential stresses in excess of 1 GPa have been associated with intermediate depth (50-300 km) earthquakes in the subduction channel (e.g. John et al., 2009) and are expected to result in extensive development of pseudotachylytes in granitoid rocks (e.g. Austrheim, 2013 , and references therein), which, however, have not been observed in the sample studied here.
For the differential stress range and the vertical stress considered here, brittle failure requires (sub)lithostathic fluid pressure (0.96<λ<1, Fig. 11 ). The strength envelope plotted for pore fluid pressure between 0.98 and 0.94 and for a strain rate of 10 −12 s −1 (Fig. 11b) suggests that viscous deformation at the estimated depth range (23-30 km) is only possible for pore fluid pressure ≤ 0.94; otherwise brittle deformation is expected to occur. Thus, under the assumptions listed above, our analysis indicates that local fluctuations in pore fluid pressure can explain the cyclic viscous-brittleviscous deformation switch. However, despite the synkinematic growth of hydrous minerals in the cataclasite and the high pore fluid pressure required at failure, there is no evidence of macroscopic veining or hybrid fractures in the samples. Our analysis is consistent with this observation, in that failure occurs entirely in the shear fractures field and not in the (hybrid) shear extension fractures field (Fig. 11a) .
Drawing from the results shown in Fig. 11a , b and using concepts and inferences coming from modern studies of convergent subduction system (e.g. Ozowa et al., 2002; Fu and Freymuller, 2013; Bedford et al., 2013) , the following deformation scenario (Fig. 12) is envisaged. A first stage of distributed deformation (stage 1) may be associated with development of map-scale anastomosing shear zones (protomylonitic foliation at sample scale) during aseismic creep; subsequently, following Angiboust et al. (2015) , two possible deformation scenarios and slip patterns may be envisaged: (a) propagation at seismic rate of microrupture followed by afterslip or (b) slow-slip phenomena in an aseismically creeping crust. In the first case, a transient strain rate increase associated with brittle fracturing would represent the deep response of the transition zone to a specific stage of the seismic cycle taking place higher up along the seismogenic portion of the subduction interface (Fig. 12c, scenario 1 ) or in less deformed domains acting as local stress raisers nearby (Fig. 12c, scenario 2) . Cataclastic deformation would then correlate with coseismic to post-seismic deformation higher up along the interface. In that case, the mylonitization of the brittle precursor would be the record of subsequent interseismic deformation at lower strain rates, taking place in the time frame between two earthquakes.
In the second case (Fig. 12d) , the transient highs in strain rates expressed by brittle fracturing and cataclasis could be the record of deformation associated with slow-slip events (SSEs) or other transient slips, generally localized along the subduction interface at this depth range itself (e.g. Shelly et al., 2006; Fagereng et al., 2014) . We are aware that the mechanism(s) of SSEs initiation is still poorly understood, and that stress/strain rate perturbations triggered by an earthquake nearby followed by post-seismic slip and interseismic creep is an equally feasible mechanism to explain the deformation sequence recorded in our sample. However, our preferred interpretation is that the transient brittle deformation recorded in our studied sample is the manifestation of a slow-slip event, for the following reasons: (1) subduction interface SSEs typically occur at the downdip transition from stick-slip behaviour to aseismic creep (e.g. Wallace and Beavan, 2010) , and, in granitoid rocks, this transition is expected to occur at the T range of deformation of our case study, as witnessed by the deformation microstructures of quartz and feldspar in the host protomylonite, and (2) SSEs are often related to high pore fluid pressure (e.g. Liu and Rice, 2007) .
Whatever the actual process triggering brittle deformation was, we want to emphasize that detailed microstructural studies of exhumed shear zones are a valuable complement to the geodetic, seismological, and experimental studies that aim to unravel the complex fault-slip behaviours at the subduction interface. In this context, our studied sample represents a new and still not yet documented case study of brittleviscous transition zone and processes in subducted continental crust. Moreover, our study reinforces the concept that the external zones of Alpine Corsica represent a unique target to document and better understand footwall deformation structures and processes related to HP/LT continental subduction.
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